Extracellular nucleotides regulate many cellular functions through activation of purinergic receptors in the plasma membrane. Here, we show that in hematopoietic stem cell (HSC), ATP is stored in vesicles and released in a calcium-sensitive manner. HSC expresses ATP responsive P2X receptors and in vitro pharmacological P2X antagonism restrained hematopoietic progenitors proliferation, but not myeloid differentiation. In mice suffering from chronic inflammation, HSCs were significantly expanded and their cycling activity was sensitive to treatment with the P2X antagonist periodate-oxidized 2,3-dialdehyde ATP. Our results indicate that ATP acts as an autocrine stimulus in regulating HSCs pool size.
Hematopoietic stem cells (HSCs) constitute a minute quiescent and self-renewing cell population with the potential to enter cell cycle and differentiate into progenitors of different cell lineages. 1 Exogenous stimuli can induce HSCs proliferation and differentiation into lineage-committed progenitors. For example, stimulation of toll-like receptors (TLRs) expressed in hematopoietic progenitors was shown to trigger cell cycle entry as well as myeloid differentiation. 2 Interferon-a (IFN-a) was shown to promote exit from G 0 as well as active cell cycling of HSCs, and chronic stimulation of IFN-a receptors led to the exhaustion of stem cell function. 3 Accordingly, interferon regulatory factor-2 (IRF2), a transcriptional suppressor of type I IFN signaling, preserved HSCs self-renewal and differentiation potential. 4 HSCs were also shown to reversibly switch from dormancy to self-renewal upon hematopoietic stress. 5 The definition of factors regulating HSCs self-renewal, expansion and differentiation has important implications not only in hematopoiesis, but also in regenerative medicine and oncology.
Adenosine triphosphate is usually confined inside cells, but after tissue injury and cell death, it can be found in the extracellular space in which it regulates immune cell function as a damage-associated molecular pattern (DAMP). Apart from acting as a DAMP, ATP is constitutively released by various mammalian cell types and concur in setting the basal level of cell activation ('the set point') for signal transduction pathways. 6 In addition, ATP released upon cell activation by a wide range of extracellular stimuli participates in autocrine as well as paracrine feedback loops by binding to purinergic P2 receptors on the cell surface. These receptors are classified into two subgroups termed P2X and P2Y receptors. P2X1-7 receptors bind ATP and open to non-selective cation channels. P2Y1, 2, 4, 6, 11-14 receptors bind ATP, ADP, UDP, UTP or UDP glucose and belong to the family of G-protein-coupled receptors. 7 Extracellular nucleotides were shown to stimulate the proliferation of human HSCs. 8 Herein, we asked whether an autocrine purinergic loop might regulate cell cycling activity of HSCs after stimulation with cytokines or ligands of innate immune system receptors expressed in HSCs. We show that ATP released from an intracellular vesicular compartment positively influences HSC proliferation and regulates the population size of uncommitted hematopoietic progenitors.
Results
Vesicular storage and release of ATP by HSCs. Whereas the intracellular ATP concentration is in the millimolar range, ATP is generally absent in extracellular fluids under physiological conditions. Upon cell death, the high cytosolic ATP content is released and ATP activates P2 receptors in the plasma membrane of surrounding cells, thus transmitting a so-called danger signal. Newer data, however, point also to an important function of ATP as a physiological modulator of several cellular functions. 9 ATP release from healthy cells may occur after a rise in cytosolic calcium, which triggers fusion of ATP-filled vesicles 10 or the opening of pannexin1 hemichannels 11 as well as by membrane stressinduced opening of mechanosensitive channels, such as connexin 43 . 12 We determined the subcellular localization of ATP in purified lin
À cells, which we refer to as HSCs, 13 and lin
þ granulocyte/monocyte progenitors (GMPs) using the nucleotide-binding fluorescent compound quinacrine. The punctate staining indicative of ATP-filled vesicles detected in HSC ( Figure 1A, panel a) and LKS þ cells (not shown) was completely lost after incubation of the cells with bafilomycin A1, a specific inhibitor of vacuolar H þ ATPase, indicating that in hematopoietic progenitor and stem cells, ATP is actively accumulated in vesicles down an electrochemical proton gradient ( Figure 1A , panels c and d). In contrast, GMPs did not display a vesicular pattern by quinacrine staining ( Figure 1A, panel b) . We then verified that ATP-filled secretory granules may be mobilized for exocytosis and mediate ATP release from HSCs after a rise in the cytosolic calcium concentration. LKS þ CD34 À cells were stimulated with the calcium ionophore ionomycin and the extracellular ATP was determined by a two-enzyme assay. 14 As shown in Figure 1B , HSCs do release ATP through a calcium-sensitive pathway. Importantly, whereas ATP release was analogously detected in total LKS þ cells (not shown), attempts to detect ATP release by ionomycin in GMPs were unsuccessful ( Figure 1B) . Calcium imaging experiments of HSCs loaded with the Ca 2 þ indicator Fura-2 revealed the presence of spontaneous calcium oscillations in all cells ( Figure 1C ). This finding suggests that HSCs may constitutively release quanta (vesicles) of ATP. To investigate whether HSCs were also responsive to extracellular ATP, we analyzed the calcium response of Fura-2 loaded LKS þ CD34 À cells stimulated with ATP. Figure 1D shows the prominent increase in cytosolic Ca 2 þ after addition of ATP in all cells. These results suggest that ATP may indeed regulate ATP release from HSCs. 15 Then we asked whether ATP released by hematopoietic progenitor and stem cells might regulate their expansion and differentiation. P2X antagonism restrains LKS þ cell proliferation but not myeloid differentiation. Nucleotide-activated P2 receptors were described in human HSCs and exogenous addition of their natural ligands strongly enhanced the stimulatory activity of several cytokines. 8 We assessed P2X receptors expression during HSC differentiation to GMP and LKS À FcgR lo CD34 À megakaryocyte/erythrocyte progenitor (MEP). Figure 2a shows that P2X1, P2X4 and P2X7 are the P2X isoforms expressed in LKS þ cells; all P2X receptors were downregulated upon differentiation to MEP, but not to GMP. TLRs were shown to be expressed in HSCs and to trigger cell cycle entry as well as myeloid differentiation; therefore, they might be important elements in controlling HSCs in inflammatory conditions. 2 Quantitative RT-PCR with TLRsspecific probes revealed the substantial expression of TLR2, 4, 6, 7 and 9 in LKS þ cells and the dramatic downregulation of all TLR transcripts upon transition to MEP (Figure 2b ). P2X-mediated signaling by endogenous ATP was recently shown to significantly contribute to p38 MAPK activation by TLR4 stimulation in microglial cells 16 and to platelet activation by TLR2 stimulation. 17 We, therefore, investigated whether TLR stimulation of LKS þ cells and P2X signaling might synergize in promoting LKS þ cells expansion and differentiation to GMPs. Figure S1 ). However, the relative frequencies of cycling cells, which progressed to myeloid differentiation, as measured by expression of CD11b, was not influenced by oATP (Figure 3c ). In contrast to the inhibition of LKS þ cells expansion, GMPs proliferation in the same conditions was only moderately and non-significantly affected by oATP treatment. Moreover, similar percentages of GMPs acquired F4/80 expression upon TLR stimulation whether oATP was present or not (Supplementary Figure S2) . Oxidized ATP was originally described as an irreversible P2X7 antagonist, 18 which was shown to block also other P2X receptor subtypes. 19, 20 To address more directly which P2X receptor/s were involved in LKS þ cell proliferation, we used selective pharmacological antagonists for the P2X subtypes expressed in LKS þ cells, namely NF449 for P2X1, 21 5-BDBD for P2X4 and A-740003 as well as A-438079 for P2X7. 22 LKS þ cell expansion by stimulation with Pam 3 CSK 4 or R848 was significantly affected by both NF449 and 5-BDBD, but not by the two P2X7 selective antagonists. The combination of P2X1 and P2X4 antagonists had an additive effect in inhibiting cell expansion, suggesting that both receptors could independently contribute to LKS þ cell cycling activity ( Figure 4 ).
Expansion of HSCs and LKS
þ cells during chronic inflammation. To analyze HSCs and hematopoietic progenitors during chronic inflammation, we used calreticulin (crt)-deficient fetal liver chimera (FLC) and mice with inflammatory bowel disease (IBD). Crt À/À T cells provoke an inflammatory condition characterized by severe blepharitis and alopecia because of altered regulation of T cell activation. 23 Conversely, adoptive transfer of syngenic naive CD4 þ T cell without the immunosuppressive CD25 þ T regulatory (T reg ) subset into lymphopenic cd3e À/À mice induces IBD. 24, 25 Infections or inflammatory conditions promote granulopoiesis. Immature and mature granulocytes were substantially detected in the spleen and significant increases in CD11b þ Gr1 lo cells (promyelocytes/myelocytes), CD11b þ Gr1 hi cells (metamyelocytes/granulocytes) 26 and CD11b lo Gr1 lo cells (mainly monocytes) were detected in the bone marrow (BM) of crt À/À FLCs and mice with IBD with respect to healthy controls (data not shown). We did not observe significant differences in cell recoveries from the BM in the various experimental groups.
Both crt À/À FLCs and mice with IBD displayed nonsignificantly different LKS À cell numbers ( Figure 5 ). However, GMPs were significantly increased, whereas MEPs were significantly reduced in the course of inflammation ( Figure 6 ). CCAAT/enhancer-binding protein (C/EBP) a and b are transcription factors involved in common myeloid progenitor to GMP transition and granulopoiesis in response to infections ('emergency' granulopoiesis), respectively. 27 Quantitative analysis of C/EBP a and b transcripts by real-time PCR revealed significantly increased mRNA levels of both transcription factors upon tissue inflammation (data not shown). 
Analysis of LKS
þ cells revealed their significant increase in crt À/À FLCs (Figure 5a ). This increase was not due to crt deletion as crt À/À /cd3e À/À FLCs showed unaltered LKS þ cell representation with respect to crt þ / þ /cd3e À/À FLCs (Supplementary Figure S3 ). To confirm the increased number of LKS þ cells as a feature of chronic inflammation, we performed the same analysis in mice with IBD. As observed in crt À/À FLCs, LKS þ cells were significantly increased during IBD (Figure 5b ). We observed some differences in absolute cell numbers of progenitors between the various experimental groups, which were likely due to the different genetic backgrounds. As acute exposure to TNF-a and IL-6 was shown to induce phenotypic inversion of LKS À to LKS þ cells by upregulation of Sca-1, 29 we checked whether chronic tissue inflammation determined Sca-1 expression by lineagecommitted progenitors. To this end, we analyzed LKS þ cells for expression of FcgRII/III and IL-7Ra chain, which are not expressed by bona fide uncommitted LKS þ cells. LKS þ cells from all groups of mice were phenotypically indistinguishable and neither expressed FcgRII/III nor IL-7Ra (data not shown), ruling out phenotypic inversion of LKS À cells in chronic inflammation.
Inhibition of HSC cycling activity by P2X antagonism during chronic inflammation. To check whether chronic inflammation affected HSC quiescence, we investigated the representation of HSCs in the different experimental groups. This analysis revealed the robust increase of this cell subset in both crt À/À FLCs and mice with IBD compared with the healthy counterparts ( Figure 5 ), thus suggesting that chronic inflammation determines entry into the cell cycle and expansion of the quiescent self-renewing pool of HSCs. To see whether P2X activation contributed to HSCs expansion in vivo, we treated mice suffering from IBD with oATP for Figure S4 ). These results indicate that P2X activation crucially contributes to HSCs expansion during inflammation, thus pointing to a function for extracellular ATP as a regulator of HSCs population size.
Discussion
HSC activity is concentrated in few cells, which in mice enter a quiescent state few weeks after birth. 30 A hibernation system similar to Caenorhabditis elegans dauer formation is used by HSC to lower cell metabolism and modulate cytokine signaling. 31 Dormancy of HSCs is instrumental in maintaining the blood repopulating potential of the BM for a lifetime. Indeed, chronic HSCs cycling leads to loss of stemness and exhaustion of the hematopoietic potential, which might be fatal for the organism. 3 Furthermore, as tumors may often originate from the transformation of normal stem cells, stem cells quiescence appears important to protect the organism from cancer. 32 Interactions with other cells, soluble factors and extracellular matrix composing HSCs niches in the BM contribute to setting HSCs dormancy, self-renewal and/or expansion. [33] [34] [35] In two murine models of T cell-mediated chronic inflammation, namely crt À/À FLC 23 and IBD, 24, 25 we found that HSCs and LKS þ cells were expanded together with increased granulopoiesis and significant reductions of both MEPs and CLPs. We have shown that in vitro and in vivo during chronic inflammation extracellular ATP contributes to HSCs and LKS þ cells expansion. Innate immune response receptors were shown to be expressed in HSCs and to regulate their proliferation and myeloid differentiation. 2, 3, 5 Extracellular ATP significantly increased cell cycling activity of purified LKS þ cells in vitro; however, the frequency of myeloid differentiation of TLRactivated LKS þ cells entering the cell cycle as well as cycling of purified GMPs were not affected by the P2X antagonist oATP. Notably, we were unable to detect ATP release from GMPs after increase in cytosolic calcium. These results indicate that extracellular ATP regulates HSCs cycling activity in a cell-autonomous manner.
Quinacrine staining of HSCs showed that ATP is stored in a vesicular compartment. P2X1, 4 and 7 are the predominant P2X isoforms expressed in murine hematopoietic stem and progenitors cells and are all downregulated upon transition to MEP. These receptors were functional in HSCs as addition of exogenous ATP determined a prominent Ca 2 þ influx. Using selective pharmacological antagonists, we showed that P2X1 and P2X4 are the two P2X receptor subtypes, which contribute purinergic feedback loops in LKS þ cell proliferation. Moreover, pharmacological P2X antagonism inhibited HSCs expansion during chronic inflammation. Therefore, an increase of extracellular ATP in the hematopoietic niche might lead to sustained release of ATP by HSCs through ATPmediated calcium influx and triggering of vesicle fusion. In the vascular system, when ATP reaches a critical extracellular concentration, it stimulates the release of ATP by endothelial cells and this self-perpetuating release was suggested to have an important function in vascular control. 15 An analogous self-perpetuating release of ATP by HSCs might have an important function in controlling the cycling activity of HSCs in physiological and pathological conditions. Notably, endothelial progenitors and HSCs both originate from hemangioblasts in embryonic life and share several survival as well as chemotactic signaling pathways in adulthood. 36 Both trabecular osteoblasts 34, 37 and sinusoidal endothelium 38 constitute functional niches, which support HSCs in the BM. Several observations point to a function of the osteoblastic niche in determining HSC quiescence: (i) increase of N-cadherin þ osteoblasts, an important component of the niche, resulted in parallel increase of non-cycling HSCs; 37 (ii) osteoblasts deficiency resulted in depletion of HSCs in the BM; 39 (iii) Tie2/angiopoietin-1 signaling in the osteoblastic niche was shown to regulate HSCs quiescence. 33 Conversely, other evidences suggest that the vascular niche is poised to differentiation of hematopoietic progenitors 40, 41 and it was hypothesized that the vascular niche would support proliferation and mobilization of activated HSCs. 42 Endothelial cells are a source of extracellular ATP under conditions of hypoxia, increased shear stress and chemical or mechanical stimulation. [43] [44] [45] A sustained ATP release by endothelial cells might preferentially shift HSCs from quiescence to expansion in perivascular niches. Interestingly, fluid shear stress increases hematopoietic colony-forming potential and expression of hematopoietic markers in the aorta-gonads-mesonephros region of mouse embryos. 46 Signaling by this biomechanical force was mediated by nitric oxide; it is tempting to speculate that ATP release by endothelial cells and purinergic signaling in HSCs might contribute to implement HSCs expansion also at this early developmental stage. Finally, the results presented here points to both a putative action of ATP on HSCs homeostasis and to an intrinsic function of endogenous ATP in regulating the cycling activity of the HSC. À/À mice from Jackson Laboratory (Bar Harbor, ME, USA) were bred and treated in accordance with the Swiss Federal Veterinary Office guidelines. Experiments were approved by 'Dipartimento della Sanità e della Socialità'. FLCs in RAG/g chain DKO mice with crt þ / þ and crt À/À progenitors were generated as described. 23 Briefly, sublethally irradiated mice were intravenously injected with 2 Â 10 6 genotyped fetal liver cells in 200 ml PBS. Analogously, FLCs with crt
progenitors were generated by breeding crt þ /À /cd3e À/À mice. For treatment with oATP, mice were injected in the tail vein with 100 ml of 3 mM oATP (Sigma-Aldrich, Buchs, Switzerland) in PBS once a day. Induction of IBD. For IBD induction, T cells were isolated from peripheral lymph nodes and spleen of C57BL/6 mice by positive selection with anti-CD4-coated immunomagnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany) followed by cells sorting. CD4 
CD4
þ CD25 þ T reg cells. Mice were weighted weekly and were killed at week 5 after cell transfer, when IBD was diagnosed by severe diarrhea and weight loss. For cell cycle analysis of HSCs, mice were analyzed at week 3 after IBD induction.
Quantification of mRNA levels. Total RNA was precipitated in Trizol (Invitrogen, Basel, Switzerland) and then reverse transcribed to cDNA using Random hexamer primers and an M-MLV reverse-transcriptase kit (Invitrogen). For quantification of transcripts, mRNA samples were treated with 2 U/sample of DNase (Applied Biosystems, Zug, Switzerland). Transcripts were quantified by real-time quantitative PCR on an ABI PRISM 7700 Sequence Detector with predesigned TaqMan Gene Expression Assays and reagents according to the manufacturer's instructions (PerkinElmer Applied Biosystems, Schwerzenbach, Switzerland). Probes with the following Applied Biosystems assay identification numbers were used:
For each sample, mRNA abundance was normalized to the amount of 18S rRNA and is presented in arbitrary units.
Analysis of cell proliferation. Sorted GMPs and LKS þ cells were labeled with 5,6-carboxyfluorescein diacetate succinimyl ester (CFSE) (Molecular Probes, Basel, Switzerland), seeded in aMEM medium with 2% FCS (Hyclone, Lausanne, Switzerland), 50 mM b-mercaptoethanol, 1% penicillin/streptomycin, 20 ng/ml SCF, 100 ng/ml Flt3L and stimulated with Pam 3 CSK 4 or R848 (InvivoGen, San Diego, CA, USA) at 1 mg/ml. Where indicated, oATP was added at a final concentration of 100 mM and left in culture for the 72-h period of the assay. As measured by flow cytometry, each division of CFSE-labeled cells causes a twofold reduction in mean fluorescent intensity (MFI) in the daughter cell, with the result that extensive cell proliferation results in a progressive step-wise reduction in MFI. To quantify cell recoveries, FACS acquisitions were standardized by fixed numbers of calibration beads (BD Pharmingen, Allschwil, Switzerland). For selective antagonism of P2 receptors, 30 mM NF449 for P2X1, 100 mM 5-BDBD for P2X4, 10 mM A-740003 or 10 mM A-438079 for P2X7 (all from Tocris Bioscience, Bristol, UK) were used. Statistical analysis was performed by using a Student's t-test. Values of Po0.05 were considered significant.
Microscopy, calcium imaging and analysis of ATP release. Laser scanning confocal microscopy was performed with a Leica DI6000 microscope stand connected to a SP5 scan head equipped with a temperature-controlled chamber. Live cell cultures were placed in a humidified and CO 2 -controlled incubator, which was mounted on the microscope stage. Purified HSCs, GMPs or LKS þ cells were rested after cell sorting in aMEM medium with SCF and Flt3L for 16 h, then stained with 0.5 mM quinacrine for 30 min at 371C; where indicated 5 mM bafilomycin A1 was added. Nuclear red (DRAQ5) was used to distinguish nuclei in live imaging.
For calcium imaging, cells were loaded for 20 min at room temperature with 5 mM Fura-2 pentacetoxy methylester and plated on poly-L-lysine-coated coverslips. Coverslips were then washed and transferred to the recording chamber of an inverted microscope (Axiovert 200, Zeiss, Feldbach, Switzerland) equipped with Andor 885 JCS iXON classic camera. For Ca 2 þ measurements, Polychrome V (Till Photonics, Gräfelfing, Germany) was used as a light source. After excitation at 340 and 380 nm wavelengths, the emitted light was acquired at 505 nm. The sampling rate was 1 Hz. Ca 2 þ concentrations were expressed as 340/380 fluorescence ratio. The ratio values in discrete areas of interest were calculated with TILLvisION software from sequences of images in order to obtain temporal analyses. The experiments were performed in modified Krebs-Ringer solution (KRH): 155 mM NaCl, 4.5 mM KCl, 10 mM glucose, 5 mM HEPES pH 7.4, 1 mM MgCl 2 , 2 mM CaCl 2 at 28-301C.
ATP release was measured by means of a two-enzyme assay, as described. 14 Briefly, cells were plated on polylysine-coated coverslips, which were fixed in the recording chamber of an inverted microscope. Cells were incubated in KRH supplemented with 8 U/ml each of hexokinase and glucose 6-phosphate dehydrogenase and 5 mM NADP. In the presence of ATP, these enzymes catalyze the formation of NADPH, a fluorescent molecule that was visualized using fluorescence microscopy with an excitation wavelength of 340 nm and an emission at 460 nm. The fluorescence intensity of regions on or outside the cells was measured using TILLvisION software and ATP concentrations were estimated using ATP standard solutions of known concentrations. The solution used for this assay shows low levels of autofluorescence, which bleaches over time after illumination. For this reason, a steady decrease of the baseline signal is observed in the course of the experiment. In the plots shown in Figure 1 , background levels of fluorescence were subtracted at time of ionomycin addition, which might lead to negative values in the absence of ATP release.
